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ABSTRACT
Archaeal family-D DNA polymerase is inhibited by
the presence of uracil in DNA template strands.
When the enzyme encounters uracil, following
three parameters change: DNA binding increases
roughly 2-fold, the rate of polymerization slows by
a factor of 5 and 30–50 proof-reading exonuclease
activity is stimulated by a factor of 2. Together
these changes result in a significant decrease in
polymerization activity and a reduction in net DNA
synthesis. Pol D appears to interact with template
strand uracil irrespective of its distance ahead of
the replication fork. Polymerization does not stop
at a defined location relative to uracil, rather a
general decrease in DNA synthesis is observed.
‘Trans’ inhibition, the slowing of Pol D by uracil
on a DNA strand not being replicated is also
observed. It is proposed that Pol D is able to
interact with uracil by looping out the single-
stranded template, allowing simultaneous contact
of both the base and the primer-template junction
to give a polymerase-DNA complex with diminished
extension ability.
INTRODUCTION
Individual cells contain a varying repertoire of DNA poly-
merases, a subset of which is dedicated to genome repli-
cation (1). In all three domains of life, Bacteria, Eukarya
and Archaea, chromosomes are copied by the replisome,
a multi-protein replication machine (2,3). The bacterial
replisome contains at least two molecules of DNA
polymerase III, a family-C member which is responsible
for copying the genetic material (4). Although the same
molecular species is used to copy both the leading and
lagging strands, individual molecules of DNA Pol III are
believed to be arranged in an asymmetric fashion, com-
patible with the requirements needed to copy two dissimi-
lar DNA strands (5). The eukaryotic replisome contains
two family-B polymerases, d and e, shown in an elegant
series of experiments to be responsible for lagging
and leading strand replication, respectively (6–8). Which
polymerases are responsible for duplicating the archaeal
genome is not currently known with the same degree of
certainty as the other two domains. All Archaea contain
family-B polymerases, usually present as multiple
members in the Crenarchaea and as a single exemplar in
the Euryarchaea (3,9). These proteins are monomeric and
contain both the polymerase and 30–50 proof-reading exo-
nuclease active sites within the same polypeptide chain
(10). In Crenarchaea, the only polymerases with properties
compatible with DNA replication, i.e. interaction with
proliferating cell nuclear antigen (PCNA) and rapid,
accurate and processive DNA synthesis are the family-B
enzymes which are widely assumed to fulfil this role
(3,9,11). Whether distinct family members are individually
responsible for leading and lagging strand replication or
the same species copies both strands is presently unknown.
Matters are more complicated in the Euryarchaea,
which contain an unusual family-D enzyme (11–13) in add-
ition to the replication-competent family-B polymerase.
As well as being present in Euryarchaea, family-D poly-
merases are found in several emergent archaeal phyla
(Thaumarchaea, Korarchaea and Nanoarchaea), which
presently have few characterized members. However, this
polymerase is noticeably absent in Crenarchaea.
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Family-D polymerases exist as heterodimers,
comprising a large (polymerase) and small (proof-reading
exonuclease) subunit and may further assemble to give an
L2S2 heterotetramer (11–15). The biochemical properties
of the family-D enzymes are compatible with those
required for a replicative polymerase: the presence of a
proof-reading exonuclease activity should ensure
accuracy (although fidelity has yet to be measured) and
interaction with PCNA enables copying of long fragments
of DNA (16–19). Both the family-B and -D polymerases
have been shown to be essential for viability in a halo-
philic euryarchaeon using targeted gene deletion (20).
Based on biochemical evidence it has been proposed that
Pol D may act soon after initiation by primase and that
at a later stage a switch occurs such that Pol B becomes
responsible for leading strand replication, whereas Pol D
continues to process the lagging strand (17,18). Both rep-
licative DNA polymerases are also suspected to be
involved in the resolution of RNA fragments in replicating
cells (21). However, definitive genetic confirmation using
experimental approaches such as those employed with the
eukaryotic polymerases is awaited.
The archaeal family-B polymerases are unusual in
recognizing uracil and hypoxanthine in DNA template
strands and stalling replication when these bases are
encountered (22–24). Tight and specific binding of the
two deaminated bases is mediated by a pocket in the
N-terminal domain (25,26). It is anticipated that stalling
serves to prevent copying of uracil and hypoxanthine,
which may arise by deamination of cytosine and
adenine, respectively. The parent bases, cytosine and
adenine, pair with guanine and thymine, respectively;
however, their deamination products uracil and hypoxan-
thine are effective mimics of thymine and guanine and
therefore code for adenine and cytosine. Thus, replication
of deaminated bases results in a transition mutation (C:G
! T:A, when uracil is copied; A:T ! G:C, when hypo-
xanthine is copied) in 50% of progeny. Replicative poly-
merases from the bacterial and eukaryotic domains are
unable to sense deaminated bases, despite the N-terminal
domains of eukaryotic Pols e and d possessing consider-
able amino acid similarity with the corresponding region
in the archaeal family-B enzymes (27). Very little is known
about the response of the euryarchaeal family-D polymer-
ases to deaminated bases. A brief report has indicated
that they neither incorporate dUTP into extending
strands nor copy uracil-containing templates (28). This
publication presents a full characterization and shows
that Pol D is indeed inhibited by template-strand uracil.
While mechanistic details have not been completely
characterized, it is apparent that the inhibition is
markedly different from that previously observed with
archaeal family-B polymerases.
MATERIALS AND METHODS
Enzymes
Wild-type and exonuclease-deficient (H451A) Pab-Pol D
were produced and purified as previously described (29).
These two variants of Pfu-Pol D (exo=H445A, the
equivalent amino acid change to that used in Pab-Pol D)
were overexpressed in Escherichia coli BL21 (DE3) codon+
(RIL) cells using pWTD1 and pWTD2his, which encode
the large and small subunits of the enzyme, respectively,
with the small subunit having a (His)6 tag (30). Cells were
suspended (50ml buffer/g of cells) in 50mM Tris-HCl (pH
8.0), 20mM imidazole, 500mM NaCl, 0.1mM EDTA,
0.5mM Dithiothreitol (DTT), 10% glycerol+1 EDTA-
free protease inhibitor tablet (Roche), sonicated (on ice)
and subjected to DNaseI digestion at 37C for 30min. The
lysed cell suspension was then incubated at 75C for
20min and denatured protein and cell debris pelleted by
centrifugation. The supernatant was filtered and applied
to a 5-ml HisTrap (GE Healthcare) column, equilibrated
with the above buffer containing 50mM imidazole and
lacking the protease inhibitor. The column was extensively
washed with this buffer and Pol D eluted using a 30ml
linear gradient of 50–500mM imidazole. Final purifi-
cation used gel filtration on a Superdex 200 10/300 GL
column (GE Healthcare) with 20mM Tris-HCl (pH 6.5),
400mM NaCl and 1mM DTT.
Primer extension assays
Pab-Pol D and Pfu-Pol D assays were carried out in 10 ml
(20 ml for experiments with U+42, 70, 102 and 134 and
replication fork mimics) of 10mM Tris-HCl (pH 9),
50mM KCl, 10mM MgCl2 and 200 mM each of the
dNTPs. With Pab-Pol D, 25 nM of fluorescent-labelled
primed synthetic oligodeoxynucleotides and 30 nM of
Pab-PolD exo+/exo (unless otherwise specified) were
used, and the reactions were performed at 55C for
30min. In the case of Pfu-Pol D reactions, 20 nM of
primer template and 140 nM of polymerase were used
and conducted at 50C for the times indicated. With
both enzymes, the reactions were quenched by the
addition of an equal volume of stop buffer [95%
formamide, 10mM EDTA, 10mM NaOH and 1 mM of
‘competitor oligonucleotide’ (an exact complement of the
template strand under study)] (31). Samples were heated at
95C for 5min. The reaction products were resolved on
17% polyacrylamide, 8 M urea gels and visualized with a
Mode Imager Typhoon 9400 or Typhoon FLA9500 (GE
Healthcare) and quantified using Image Quant software.
The percentage of extension was defined as the ratio:+1
to +n products (where n is the fully extended product)/
total DNA.
DNA cutting by Pfu-Pol D
Pfu-Pol D exo+ or exo (80 nM) was incubated with
fluorescent oligodeoxynucleotides (single and double
stranded; +/ uracil) (20 nM) at 50C for 30min in the
buffer given above. As a positive control for strand
cutting, a reaction was carried out with uracil-DNA
glycosylase (0.5 units, Fermentas). After 30min, the
reactions were quenched by heating with stop buffer.
This buffer contains NaOH resulting in an alkaline
pH and heating at 95C for 5min is expected to cut
DNA at any abasic sites generated by the polymerase.
Analysis was performed by gel electrophoresis as
discussed above.
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Pfu-Pol D exonuclease assay and single dGTP
incorporation
These were carried out as described above except that
dNTPs were omitted for exonuclease assays and for
dGTP incorporation only this triphosphate was added
at concentrations that varied between 5 and 500mM.
The evaluation of the rate constant for the exonuclease
reaction and the KD and kpol for incorporation of a
single dGTP under single turnover conditions have been
described earlier (26,29,32).
Binding of Pfu-Pol D to DNA
Determination of the KD values describing the binding
of Pfu-Pol D to the oligodeoxynucleotides listed in
Table 1 was performed using direct binding fluorescence
anisotropy (with 50-hexachorofluorescein labelled DNA)
as previously described (33). Titrations were carried out
in 20mM Tris-HCl (pH 8.8), 10mM KCl, 1mM DTT and
0.1mg/ml of bovine serum albumin with 1 nM DNA at
25C. Aliquots of Pol D (1–50 nM) were added and the
data analysed to yield KD as described earlier (32).
RESULTS
Uracil in DNA template strands inhibits extension
by Pol D
Throughout this publication, Pol D has been used from
two different Pyrococcus species, Pyrococcus abyssi and
Pyrococcus furiosus (Pab- and Pfu-Pol D). The amino
acid sequences of the two proteins are very similar with
86 and 77% identity seen for the large and small
subunits, respectively (Supplementary Figure S1). Even
when different amino acids are found, in 50% of cases
the exchanges are conservative. The two polymerases
behaved similarly enough in all the assays described in
this publication to enable them to be used interchangeably.
When Pab-Pol D was used to extend a primer template
(Cy5-labelled primer, 17 bases long, annealed to a
template 87 bases in length) containing a single uracil at
+16 (i.e.16 bases ahead of the primer-template junction), a
reduction in DNA synthesis was observed as compared
with a control that lacked this base (Figure 1, A1 and
A2). In general, the intensity of each extended band was
reduced for the uracil-containing template and, in
particular, much less full length product was observed.
This figure shows the results obtained with wild-type
Pab-Pol D (exo+); however, almost identical profiles
were seen with a mutant lacking 30–50 exonuclease
activity (exo) (Supplementary Figure S2A). When the
experiment was repeated with uracil further ahead of the
primer-template junction at +59, inhibition was still
observed (Figure 1, B1 and B2). However, when the
uracil was situated in a double-stranded region by
annealing a third ‘masking’ oligodeoxynucleotide to the
primer template to give a gapped substrate, inhibition
largely disappeared (Figure 1, B1 and B2). On this
substrate, Pol D DNA synthesis was associated with
pausing of the polymerase in the vicinity of the position
of the nick, generating extension products in the 18–
32 nucleotides (nt) size range. Although these experiments
are not intended to be quantitative (kinetic parameters are
determined more rigorously below), the gels were scanned
to approximate the extent of polymerization. The
extension percentages observed are consistent with uracil
slowing polymerization by a factor of 2–5.
A parallel study was carried out with Pfu-Pol D (exo+)
using a set of primer templates that position uracil
increasingly further ahead of the primer-template
junction (Figure 2A). Inspection of the extension gels
obtained (Figure 2B–E) clearly shows less polymerization
with uracil at +42, +70 and +102, compared with
T controls. Inhibition is not obvious with uracil at+134.
The impression is confirmed by Figure 2F, a summary
schematic that shows the amount of primer template
remaining at times of up to 30min. In all cases, more
starting material persists with U+42, 70 and 102 than
with T-containing DNA. However, no difference is seen
between U+134 and T+134.
A large number of extension reactions have been carried
out, a selection of which are given in the Supplementary
Figure S2. Strong inhibition was observed with uracil at
Table 1. Binding constants for the interaction of Pfu-Pol D with DNA
DNA X location KD (nM) X=T KD (nM) X=U
30 TTATCCAGGATATCCGCTTACCAGGTCGACCXTGGTCTTT-H* Single stranded 6.0±1.6 3.4±0.3
50 AATAGGTCCTATAGGCGAATGGTCCAGCTGGAA 1 9.3±0.6 5.2±1.3
30 TTATCCAGGATATCCGCTTACCAGGTCGACCXTGGTCTTT-H*
50 AATAGGTCCTATAGGCGAATGGTCCAGCTGG +1 9.1±1.5 5.8±0.4
30 TTATCCAGGATATCCGCTTACCAGGTCGACCXTGGTCTTT-H*
50 AATAGGTCCTATAGGCGAATGGTCCAGC +4 7.3±1.2 4.8±0.3
30 TTATCCAGGATATCCGCTTACCAGGTCGACCXTGGTCTTT-H*
50 AATAGGTCCTATAGGCGAATGG +10 8.4±0.3 4.2±0.5
30 TTATCCAGGATATCCGCTTACCAGGTCGACCXTGGTCTTT-H*
50 AATAGGTCCTATAGGCGAATGGTCCAGCTGGAACCAGAAA Double stranded 27.9±6.9 29.0±7.7
30 TTATCCAGGATATCCGCTTACCAGGTCGACCXTGGTCTTT-H*
50 AATAGGTCCTAUAGGCGAATGGTCCAGCTGGAACCAGAAA Double stranded 29.4±11.1 36.6±2.4
30 TTATCCAGGATATCCGCTTACCAGGTCGACCXTGGTCTTT-H*
The KD values for the binding of Pfu-Pol D (average±standard deviation from at least four determinations) to oligodeoxynucleotides containing
uracil (thymine in controls) are given. The uracil is located in single strands, at various positions in a primer template and in double strands.
H*=hexachlorofluorescein, used to determine the KD value using fluorescence anisotropy titration (33).
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+1 (Supplementary Figure S2B) and, surprisingly, a
decrease in polymerization also occurred when uracil
was located at 1, i.e. just within the double-stranded
region, immediately behind the replication fork
(Supplementary Figure S2C). In general, though, when
uracil is well buried in double-stranded regions, either
ahead of or behind the replication fork, no inhibition is
observed (Figure 1B; Supplementary Figure S2D).
However, exact boundaries, i.e. how far into a duplex
uracil must be to prevent inhibition have not been
mapped and a reduction in DNA synthesis was still
noticeable using a derivative of the gapped substrate
shown in Figure 1B, which locates uracil five bases into
the duplex (Supplementary Figure S2E). Although the
extensions described in the text and the Supplementary
material use a very slight molar excess of Pab-Pol D and
a 7-fold excess of Pfu-Pol D, inhibition by uracil with a 4-
fold excess of Pab-Pol was also observed (Supplementary
Figure S3).
Pol D incorporates dAMP opposite uracil
The gels shown in Figures 1, 2 and Supplementary Figure
S2 indicate that although uracil inhibits primer extension
by Pol D, copying beyond the deaminated base does take
place. To determine which base is inserted opposite uracil,
single additions of each of the four dNTPs were made to a
solution containing Pab-Pol D and a primer template with
uracil at +1 (Figure 3A). As can be seen in Figure 3B,
Pab-Pol D exo+ only incorporated adenine opposite
uracil, although at a reduced rate (3% incorporation)
due to uracil inhibition. In a control experiment with
cytosine at +1 guanine was inserted efficiently (52%
incorporation), as expected. Similar results were seen
with the exo variant of Pol D, althoughmultiple additions
were observed due to the inability to excise incorrectly
incorporated bases (Figure 3C). In agreement with
Supplementary Figure S2B, when all four dNTPs were
simultaneously added, strong reduction (6 to 13-fold
depending on whether exo+ or exo was used) in DNA
synthesis was observed with the uracil-containing template.
‘Trans’ inhibition of Pol D by uracil
A replication fork mimic (Figure 4A; Supplementary
Figure S4) has been used to assess the influence of
translocated uracil. Following primer annealing, leading
and lagging strand branches are created and uracil can
be positioned at either location. Slowing of Pol D by
uracil in the branch it is not copying is, strictly
Figure 1. Inhibition of Pab-Pol D (exo+) by template strand uracil. (A1 and B1) Primer templates used for the experiments shown in panels A2 and
B2, respectively. (A2) Extension of the 17/87 primer-template A1 (X=C or U) by Pab-Pol for the times indicated. The numbers under the gel lanes
represent the total percentage of extended product. Reference oligodeoxynucleotides of 17, 33 and 87 bases are indicated by the arrows.
(B2) Influence of burying uracil in double stranded DNA on extensions by Pab-Pol D. The image shows the products formed with the 17/87
primer-template B1 (X=T or U) with either the ‘masking strand’ present or absent. Each reaction shows a zero and 30-min time point. The numbers
under the gel lanes show the total percentage of extended product. Reference oligodeoxynucleotides of 17, 57 and 87 bases are indicated by the
arrows.
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speaking, not true trans-inhibition; the design of the
mimic means that leading and lagging strands uracil are
actually in the same DNA molecule (Figure 4A;
Supplementary Figure S4). However, when replicating
the lagging strand Pol D will clearly be unable to copy
any uracil present in the leading strand. During
polymerization of the leading strand, if Pol D was able
to melt the double-stranded region, it could conceivably
access uracil located in the lagging strand. However, under
the conditions used, Pfu-Pol D only copied the leading
strand up to the fork junction and no further progression
into the double-stranded region was observed. Here,
therefore, trans-inhibition is defined as slowing of Pol D
by uracil in a DNA region it cannot access by
polymerization. As shown in Figure 4B, when Pfu-Pol D
was used to copy an unmodified lagging strand, uracil in
the leading strand was strongly inhibitory (10-fold
reduction in extension). When the leading strand was
replicated, uracil positioned on the lagging strand also
hindered progression (<2-fold reduction in extension),
although to a less profound extent than observed for the
opposite orientation (Figure 4C). On this substrate, Pol D
DNA synthesis was likely associated with futile cycles of
assembly/disassembly upon approaching the double-
Figure 2. Extension by Pfu-Pol D (exo+) of primer templates that locate uracil at ever increasing distances ahead of the junction. (A) DNA
substrates. Four different primer templates, consisting of a Cy5-labelled 18-mer primer annealed to four templates of increasing lengths, were
used. These place uracil (control= thymidine) 42, 70, 102 and 134 bases ahead of the primer-template junction. The lengths of the templates are
indicated using the same numbers, e.g. which places uracil at+42 terminates at the C labelled 42, etc. (B–E). Extension of the primer templates for
the times shown above the gels (minutes) by Pfu-Pol D (exo+). The positions of the starting primer and full length products are indicated.
(F) Summary of the data in panels (B–E) showing remaining primer template against time. Colour coding: black, +42; red, +70; blue, +102;
magenta, +134. Solid lines, T; hatched lines, U.
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stranded DNA junction, as observed by the accumulation
of multiple final products. Further information, more
representative of conditions expected in the cell, can be
obtained by using both primers to simultaneously copy
the leading and lagging strands. The fluorophores used
to label the primers (fluorescein and cyanine-5) have
spectral properties that allow each strand to be indivi-
dually monitored. The results (Supplementary Figure S4)
are in close agreement with the studies using a single
primer shown in Figure 4A; again, Pol D is inhibited by
uracil situated in the opposite branch of the primer
template to the strand in which polymerization is being
observed.
Pol D does not cut uracil-containing DNA
The gels shown in Figures 1–4 indicate that the presence
of uracil in template strands reduces DNA synthesis by
Pol D. The inhibition could conceivably arise because
uracil-dependent degradation of the template reduces the
amount of substrate available for extension. To address
this possibility, hexachlorofluorescein-labelled oligodeoxy-
nucleotides containing uracil in either single- or double-
stranded regions (Figure 5A) were incubated with Pfu-Pol
D exo+ or exo. In all cases, the polymerase did not cut
uracil-containing DNA in an endonucleotytic manner, i.e.
by hydrolysis of the phosphodiester backbone at or near
uracil (Figure 5B). The assay also scores for DNA-
glycosylase action, as it involves a post-enzymatic
heating step at alkaline pH which cleaves DNA at any
abasic sites produced. Pfu-Pol showed no uracil-
dependent DNA-glycosylase activity, in contrast to the
expected positive result with uracil-DNA-glycosylase
itself (Figure 5B). However, the presence of uracil does
lead to a slight stimulation in 30–50 exonuclease activity,
compared with thymidine-containing controls, which
results in the removal of a few bases from the 30 ends of
the DNA substrates (Figure 5B). As discussed later in this
publication, uracil-dependent stimulation of proof-
reading exonuclease activity trims back primers and
extending DNA strands and contributes to overall
inhibition of polymerization. In principle, this exonuclease
activity may remove bases from the 30-termini of the
template strands of the primer templates used in
Figures 1–4. However, during polymerase assays, when
dNTPs are present, these would be replaced. Therefore,
template destruction cannot account for the inhibition of
Figure 3. Base incorporated opposite template strand U by Pab-Pol D. (A) Primer templates used in these experiments (X=C or U). (B) and
(C) Extensions using Pab-Pol D exo+ (B) or exo (C) with either C or U at the+1 position (X), i.e. the first single-stranded template base. 0=no
dNTPs added;+=all four dNTPs added; G, C, A and T=only dGTP or dCTP or dATP or dTTP added, respectively. +1, +2, +3, +4 and
+5 represent final products. The extension (%) for selected lanes is shown under the gels.
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polymerization seen in the presence of uracil. A similar
result was also found with Pab-Pol D (Supplementary
Figure S5).
Pol D binds to uracil in single-stranded DNA
To determine if Pol D bound to uracil-containing DNA
with greater affinity than to control substrates, fluore-
scence anisotropy binding titrations were used with hexa-
chlorofluorescein-labelled oligodeoxynucleotides (33).
A number of substrates were used (listed in Table 1),
which place uracil in single-stranded DNA at a variety
of locations in a primer template and in fully duplexed
strands. In all cases where uracil was located in single
strands, a slight increase, 2-fold, in binding was
observed when compared with controls lacking this base.
As a typical example, the results seen when Pfu-Pol D was
added to a primer template containing uracil (or thymine
as a control) at+4 are shown in Figure 6. The KD values
found for a number of substrates are summarized in
Table 1. Although the preference for uracil-DNA over
controls is only about a factor of 2, the errors shown in
Table 1, and the consistent results seen for a number of
different DNA substrates, suggests significance. The slight
selectivity for uracil is retained when the base is located at
the 1 position of a primer template, just within the
double-stranded region. The KD values given in Table 1
are apparent binding constants that represent the
measured sum of any specific interaction with uracil plus
the numerous non-specific DNA binding modes possible
(for uracil-containing substrates) and non-specific binding
(for controls). In cases, such as that described here, were
specific binding is not significantly greater than non-
specific modes, it was very difficult to extrapolate the
true or intrinsic binding constant for specific binding to
uracil from the measured KD. However, although the KDs
shown in Table 1 are apparent, rather than true values, a
small but significant preference for uracil in single-
stranded regions is clear. Table 1 also demonstrates that
Pol D binds more tightly to single than double-stranded
DNA and that selectivity for uracil is lost when the base is
Figure 4. Inhibition of Pfu-Pol D by ‘trans’ located uracil. (A)
Structure of the primer-template mimic (for full sequences, see
Supplementary Figure S4). A long ‘snap-back’ oligodeoxynucleotide
forms the backbone of the mimic. Annealing of primers (either singly
or in pairs) produces leading and lagging strand branches which can
contain a single uracil residue (indicated by X) four bases ahead of the
primer-template junction. (B) Results seen when the lagging strand is
copied (only Flu primer present) with uracil (thymine in controls)
present in the leading strand. (C) Results seen when the leading
strand is copied (only Cy5 primer present) with uracil (thymine in
controls) present in the lagging strand. Here, only one primer was
used per experiment. For the results observed using two primers for
each experiment, see Supplementary Figure S4.
Figure 5. Pol D does not cut uracil-containing DNA. (A) Hexachloro-
fluorescein-labelled oligodeoxynucleotides used in these experiments.
(B) Results seen when Pfu-Pol D exo+ or exo (80 nM) was incubated
with the oligodeoxynucleotides (20 nM) at 50C for 30min followed by
heating at 95C for 5min in the presence of NaOH. Control=no Pfu-
Pol D added; UDG=addition of uracil-DNA glycosylase (positive
control for strand cleavage at uracil). The starting oligodeoxynu-
cleotides (22 bases) and the 13 base products expected for cleavage at
uracil are shown arrowed. The ladders of products slightly reduced in
length (seen with Pfu-Pol D exo+, most prominently when uracil is
present) arise from 30 to 50 proof-reading exonuclease activity.
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buried in duplex DNA, away from the primer-template
junction. Although binding constants are obtained at
25C, preferential binding to uracil can be extrapolated
to higher temperatures. This is supported by our recent
study in which we show that increased temperature does
not alter the binding modes of Pol D but likely accelerates
the binding kinetics (association/dissociation) (34).
Uracil inhibits dNTP incorporation into primer templates
Although primer-template extensions (Figures 1–4) reveal
very obviously that uracil inhibits Pol D, these experi-
ments are, at best, semi-quantitative. In particular, it is
difficult to accurately scan the multiple products formed,
particularly those of low intensity. Therefore, for a more
rigorous measure of the inhibitory influence of uracil,
incorporation of a single dNTP under single turnover
conditions has been used. This approach is widely used
with DNA polymerases (35) and has previously been
utilized to investigate the interaction of archaeal family-
B enzymes with deaminated bases (32). For these
experiments, Pol D exo was used to enable investigation
of just the polymerase activity free from any complications
arising due to proof-reading exonuclease activity. In
contrast to the archaeal Pol B which requires the
addition of PCNA to ensure tight binding to primer
templates (32), reactions were carried out in the presence
of saturated Pol D exo (140 nM) and primer templates
(20 nM), respectively to the affinities for DNA reported in
Table 1. The addition of 5–400mM concentrations of
dGTP to Pfu-Pol D and primer template resulted in
extension of the primer by a single base, as assessed by
gel electrophoresis, and enabled determination of kobs by
fitting the amount of extended primer produced over a 30-
min time course to a single exponential (Supplementary
Figure S6). A secondary plot of kobs against dGTP
concentration, fitted using the Michaelis–Menten
equation, gave the results shown in Figure 7 and the
kinetic constants summarized in Table 2. From these
results it is clear that the presence of uracil inhibits
polymerization, almost entirely by reducing kpol by a
factor of 5 with little change in the KD for dGTP. This
result is consistent with the slowdowns (between 2 - and
13-fold) measured, less accurately, using primer-template
extension.
Uracil stimulates 30–50 proof-reading exonuclease activity
The influence of uracil on the proof-reading exonuclease
activity of Pol D was determined by observing the
degradation of the primer strand in a uracil-containing
primer template. As with dNTP incorporation experi-
ments, proof-reading exonuclease rates were measured
with concentrations of primer template (20 nM) and
Pol D (140 nM) that deliver single turnover conditions.
Figure 8 shows the results obtained with two primer
templates which contain either two A:T or two G:C base
pairs at the primer-template junction. With the A:T
primer template (identical to that used for the dNTP
incorporation experiment), the presence of uracil at +4
increased the exonuclease rate slightly, by a factor of
1.7 as compared with thymidine-containing controls
(Figure 8A). In the case of the G:C primer template,
uracil at+9 resulted in an approximate 3-fold stimulation
in the rate of 30–50 exonucleolysis (Figure 8B and C).
Although the enhancements in exonuclease rates, when
uracil is present in the template strand, are relatively
small, they are consistently observed. The more rapid
Figure 7. Incorporation of a single dGTP into primer templates
containing T or U at the +4 template position (sequences given in
Table 2). The primer templates (20 nM) were mixed with Pfu-Pol D
(140 nM) and the reaction initiated by adding appropriate amounts of
dGTP (between 5 and 400mM). Secondary fits to the Michaelis–Menten
equation are given for both the T- and U-containing primer templates
(the insert is an expansion of the U data). The kinetic parameters
determined from this graph are summarized in Table 2.
Figure 6. Binding of Pfu-Pol D to primer templates containing T or U
at the +4 template position (sequences given in Table 1). The
polymerase was added to the hexachlorofluorescein-labelled primer
templates and the increase in fluorescence anisotropy noted. The data
were fitted to a 1:1 binding stoichiometry to give the titration curves
shown. Binding constants are summarized in Table 1.
Table 2. Kinetic parameters for incorporation of a single dGTP into
a primer templates containing dU or dT at +4, under single turnover
conditions
Base at +4 position
of primer templatea
kpol
b
(min1)
KD
b
(mM)
kpol/KD
b
(s1M1)
dT 1.6±0.2 25±6 3.8±1.4 106
dU 0.3±0.06 31±9 0.6±0.3 106
aThe primer-template used in this experiment was:
50 Cy5-GGGGATCCTCTAGAGTCGACCTGCAGGGCAA
30 CCCCTAGGAGATCTCAGCTGGACGTCCCGTTCGTXCG
AACAGAGG
where X=dU or dT.
bKinetic parameters are the averages (± standard deviation) from
five experiments.
4214 Nucleic Acids Research, 2013, Vol. 41, No. 7
 at U
niversity of N
ew
castle on July 15, 2013
http://nar.oxfordjournals.org/
D
ow
nloaded from
 
degradation of the A:T primer template, relative to G:C, is
expected and arises from more facile strand separation; a
requirement for proof-reading activity.
DISCUSSION
The data presented in this publication provide compelling
evidence that the occurrence of uracil in DNA template
strands diminishes polymerization by euryarchaeal family-
D enzymes. Uracil must be positioned in single-stranded
DNA or, if in a double-stranded region, near the primer-
template junction. When the base is well embedded in
duplex DNA little inhibition is observed. It is most
likely that Pol D can only interact specifically with uracil
in single strands but is able to capture the base in double-
stranded helical DNA, following transient melting of
terminal regions. Preferential binding of uracil by Pol D
is also only observed when the base is in single-stranded
DNA, agreeing with the same requirement for inhibition
of polymerization. When uracil is present in single-
stranded templates, small changes to a number of
parameters are observed: binding affinity is increased by
a factor of 2, polymerization decreases roughly 5-fold
(as measured using kpol) and 3
0–50 proof-reading
exonuclease rates are about two to three times faster (as
measured by kexo). Together these alterations result in
markedly less DNA synthesis when uracil is present in
template strands, as compared with controls. As DNA
polymerization involves addition of multiple dNTPs, a
relatively small change in the efficiency of incorporation
for each single base (such as the 5-fold reduction in kpol
seen in this study) may, cumulatively, lead to profound
overall inhibition, especially when the accompanying
increase in exonuclease activity is taken into account.
Template strand uracil has previously been observed to
strongly suppress the activity of archaeal family-B
polymerases, a feature assumed to reduce mutations that
arise as a consequence of replicating DNA which has been
subject to cytosine or adenine deamination (22,23,25,26)
(uracil can also be directly incorporated into DNA from
dUTP by a polymerase, but this is not mutagenic). It is
most likely that the uracil-dependent inhibition of Pol D
serves an identical function in protecting the genome from
base deamination. The capacity of the two polymerases to
detect and respond to uracil suggests they might both play
a role in replication, as previously proposed (17–19).
However, biochemical experiments can only tentatively
identify a polymerase as replicative and the exact roles
of euryarchaeal Pol B and Pol D in copying the genome
await genetic investigation. The mechanisms by which
the two polymerases interact with uracil appear to be
different. Pol B has been well characterized and uses
‘read-ahead recognition’, where a running polymerase
scans the template ahead of the replication fork for the
Figure 8. Proof-reading exonucleolysis of primer templates containing either T or U (sequences given below) by Pfu-Pol D. The polymerase
(140 nM) was added to the primer templates (20 nM) and the degradation of the Cy5-labelled primer measured. The amount of primer remaining
over time was fitted to a single exponential to give the rate constants (kexo) for exonucleolysis. (A) and (B) Results found with the two primer
templates illustrated at the top of each panels (X=T or U). The calculated kexo values are shown on the graph and represent the means (± standard
deviation) for the number of experiments (n) given. (C) Gels used to generate the data shown in (B). The full-length starting primers are marked with
an arrow.
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presence of uracil, sensing the base using a pocket in the
N-terminal domain (22–26). The hall-marks of ‘read-
ahead’ recognition are strong and specific binding of
uracil and stalling of replication at a tightly defined
position, four bases prior to uracil encounter. On the
rare occasions that the polymerase manages to pass
beyond uracil, inhibition ceases. Pol D shows none of
these features and, therefore, must use a novel mechanism
to sense uracil. Binding of the deaminated base is far from
profound and a unique truncated extension product,
suggesting stalling at a defined position, is not seen.
Instead most of the bands that represent polymerization
products are diminished, particularly those of longer
products. Furthermore, Pol D is able to interact with
template strand uracil at positions well beyond the
replication fork and also when uracil is situated in
double-stranded DNA just behind the fork. Should
Pol D progress beyond template-strand uracil inhibition
transiently persists until further replication positions the
base deep within the duplex, when DNA melting to
produce single strands becomes unlikely. Inhibition is
also observed when uracil is located on a DNA strand
not being copied by Pol D, a pattern never observed
with Pol B. Such trans-inhibition is relevant to replication
as uracil located on the lagging strand is capable of
inhibiting Pol D travelling on the leading strand, or vice
versa. The DNA repair processes that follow uracil
sensing by both Pol B and Pol D await elucidation but
must involve the accurate replacement of uracil with
cytosine, the parent base from which uracil is derived by
deamination. The near complete halting of replication
when Pol B encounters uracil represents a very efficient
method of buying time to enable downstream repair. The
slowing of polymerization, characteristic of Pol D, seems
at first sight to be a less effective strategy. However, the
ability of the enzyme to recognize uracil well in advance
of the replication fork presumably ensures success. The
continuing inhibition that follows copying of uracil is
counterintuitive as the damage (i.e. incorporation of
adenine opposite uracil) has already been done;
however, as mentioned previously, such inhibition fades
as extension progresses.
The molecular mechanism that gives rise to the uracil-
dependent inhibition of replication seen with Pol D is far
from clear but the enzyme must have a means of sensing
the presence of this pro-mutagenic base. Perhaps a uracil
binding site is present either near to or overlapping the
polymerase active site. Such a site would be able to
interact with uracil near the primer-template junction,
e.g. at the 1 and +1 positions, following which poly-
merase activity becomes attenuated. Interaction with
more remotely located uracil, e.g. up to 100 bases ahead
of the primer-template junction will rely on looping out of
a long stretch of flexible single stranded DNA to bring
uracil and its recognition site into proximity. Similarly,
uracil present in single-stranded regions of a replication
fork may be captured by a polymerase travelling on the
opposite strand using looping, accounting for trans-
inhibition. Interaction with uracil activates the 30–50
proof-reading exonuclease activity and lowering the rate
of replication. Simple partial blocking of the polymerase
active site with uracil would make interaction with the
exonuclease site more probable. Alternatively, as the
two sites are well separated, allosteric activation of
exonuclease activity on uracil binding is also a possibility.
This publication shows that Pol D can interact with single
stranded uracil up to 100 bases in front of the replication
fork. The lack of inhibition seen with uracil at+134 may
arise from the greater conformational space that must be
searched to locate the uracil-binding pocket. In general,
excessive lengths of single-stranded DNA are not exposed
during replication. In Archaea, including P. abyssi,
Okazaki fragments are up to 120 nt long (36), implying
a similar length of single stranded DNA produced during
lagging strand replication. In viruses (37), bacteria (38)
and presumably Archaea (3,9), the movements of the
replicative helicase and polymerase are tightly coupled,
mediated by protein–protein interactions. Again this
suggests that relatively short lengths of single-stranded
DNA are formed when the leading strand is copied.
Therefore, forward scanning by Pol D for uracil at
extreme distances is unlikely to be necessary for detection
of this base as it moves from double- to single-stranded
regions. It should be noted that we have never seen uracil-
dependent complete cessation of polymerization, in
contrast to an earlier brief publication which reports full
inhibition of Pol D by uracil (28). Pol D is a heterodimer
(11,12) but it is presently unknown if the uracil sensing
apparatus is located in the large (polymerase) or the small
(exonuclease) subunit. The heterodimer has been reported
to further assemble into a tetramer (14); again it is
unresolved whether a single heterodimer interacts with
both the primer-template junction and uracil or if two
separate heterodimers present in the tetramer are used
for individual recognition events. At present no high
resolution crystal structure is available for the entire Pol
D, although information is available for both the N-
terminal regions of the small and large subunits (39,40).
Inspection does not reveal any obvious uracil-binding
pocket as seen with Pol B (24–26). Pol D contains a
large number of cysteines arranged in groups of four
and may be an iron-sulphur protein as observed for two
archaeal DNA repair enzymes, uracil-DNA glycosylase
and XPD (41,42). Very recently it has been determined
that the eukaryotic family-B polymerases (Pols a, d, e
and z) contain an Fe-S cluster (43). Isolation of these
polymerases, after heterologous expression in E. coli,
revealed high lability of the Fe-S cluster, with anaerobic
purification required to preserve its integrity. It appears
that the role of the Fe-S cluster is to facilitate correct
folding and interaction with other subunits necessary for
the assembly of the polymerase holoenzyme, rather than
direct participation in catalysis. This publication also
observes that archaeal Pol D contains a similar cysteine
motif and so may also be an Fe-S protein. The samples
of Pol D used in this investigation were overexpressed in
E. coli and purified under aerobic conditions, giving no
indication of the olive green hue that is characteristic of
iron-sulphur clusters. It is therefore possible that these
putative iron-sulphur clusters may have been lost and
that these elements could be involved in the correct
folding of the uracil sensing region. Further studies are
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currently in progress, including preparation of native
Pol D under anaerobic conditions, to more thoroughly
characterize the novel and enigmatic interaction of this
protein with deaminated bases.
SUPPLEMENTARY DATA
Supplementary Data are available at NAR Online:
Supplementary Figures 1–6.
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